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where is the transition dipole moment that couples both states. Population inversion is not usually achieved because of the competition between the rates of absorption and stimulated emission. Control of the population transfer can be achieved if the two electric fields involved in the transition probability in Eq. ͑1͒ are different and are correlated in time or in phase. The three-pulse four-wave mixing ͑FWM͒ technique allows one to combine three nonphase-locked electric fields in a phase-matching geometry. The first two fields cause the population transfer and the third field probes the system. The specific timing between the pulses can be used to control the values of diagonal ͑population͒ and offdiagonal ͑vibrational coherence͒ matrix elements after the interaction with the first two electric fields. In this Communication, we briefly describe the three-pulse FWM technique and demonstrate on molecular iodine that pulse sequences can be designed to control the transition probability between two electronic states of a molecule. It has long been recognized that in order to optimize the transfer of population between two states sophisticated electric fields are required. [1] [2] [3] [4] One can create such electric fields by a combination of phase and amplitude masks, [5] [6] [7] or one can combine phase-locked laser pulses to achieve the desired field. Scherer et al. 8 showed that when two phase-locked laser pulses were combined in phase the excited state dynamics of molecular iodine could be observed as fluorescence enhancement; however, when they were combined out of phase, the signal is observed as fluorescence depletion. Coherent control of chemical reactions depends on the relative phase of two different laser pulses that interact with the sample. The relative phase of the pulses can be used to control the population transfer from the ground to two different excited states. [9] [10] [11] A different approach to controlling population transfer 12 and enhancing reaction yields 13,14 uses chirped laser pulses. Recent experiments in our group using chirped femtosecond three-pulse FWM have demonstrated that laser chirp can be used to control coherence transfer between the ground and excited states of I 2 . 15 The theoretical foundation for three-pulse FWM is based on the time evolution of the density matrix in Hilbert space. 16 Formulas are derived for a multilevel system with ground and excited electronic states with vibrational levels. Ultrafast transform-limited pulses are assumed with a bandwidth that exceeds the vibrational spacing in the ground and excited states. Electric field interactions are treated within the perturbation limit. A more detailed description of this theory will be published elsewhere. 17, 18 Initially, the density matrix, (0) , contains the populations of the vibrational levels of the ground state with ⌺ gg (0) ϭ1, while the population of each vibrational level in the excited state is taken as ee (0) ϭ0. Here, the index g corresponds to the ground state vibrational quantum number, Љ, and the index e corresponds to the excited state vibrational quantum number Ј. In our calculation, we assume that the ground state vibrational levels are equally populated. This assumption is justified for a high temperature Boltzmann distribution. Different initial vibrational population distributions yield similar results. 15, 17 After the first interaction with the electric field, the density matrix evolves into a coherence between the ground and excited states where all the diagonal terms are zero and no net population transfer has occurred. The interaction with a second electric field completes the population transfer ͓Eq. ͑1͔͒ without electronic coherence between the ͉g͘ and ͉e͘ states. In general, an odd number of interactions with the electric fields will produce a coherence state, which is also a timedependent polarization of the molecules. An even number of interactions will produce a population state that is characterized by the population of the vibrational levels in each electronic state ͑the diagonal terms͒ and the vibrational coherence within each electronic state ͑the off-diagonal terms in the diagonal blocks͒.
The changes in the density matrix after each interaction with an electric field involve different processes that can be followed using double-sided Feynman diagrams. 16, 19 For further information about these diagrams and their applications to four-wave mixing processes, the reader is referred to Refs. 16, 17, and 19-21 . A wavy arrow symbolizes each electric field interaction and time progresses from the bottom to the top. The arrows pointing towards ͑away from͒ the center represent the photon annihilation ͑creation͒ operator; absorption or emission of a photon requires two electric field interactions. The diagrams in Fig. 1͑a͒ show absorption of a photon and transfer of population to the excited state, while the diagrams in Fig. 1͑b͒ show that the population remains in the ground state. The third pulse forms a polarization which emits radiation in the phase-matching direction k s ϭk a Ϫk b ϩk c or k s ϭϪk a ϩk b ϩk c . The density matrix of the system depends on the sum of all the processes described by the four diagrams in Fig. 1 . For calculating the density matrix ͑popu-lation and coherence͒ after two pulses, all diagrams must be used. Because we detect in the k a Ϫk b ϩk c direction, only the virtual echo processes are needed for calculating the emitted light after the third pulse. Furthermore, by proper selection of ab , the time delay between the first two electric fields, we obtain a signal predominately from the excited or the ground state ͑i.e., VEcho e or VEcho g ͒.
The density matrix elements after two electric field interactions contain a dependence on ab and this parameter can be used to control the transition probability from the ground to the excited state. After the second pulse is applied, the population transfer between the ground and excited states is given by
where g and e are the vibrational frequencies of the ground and excited states, respectively, is the laser carrier frequency, and r is the spatial coordinate in the sample. After the third pulse is applied at time ab ϩ, the signal is a sum of two contributions, one from molecules that remained in the ground state following two interactions with the electric fields,
and the other from molecules in the excited state,
where (2) indicates only the terms of (2) that satisfy the phase-matching condition k a Ϫk b ϩk c . The matrix elements g Ј g (2) and ee Ј (2) describe the vibrational coherence in the ground and the excited states, respectively. Note that the signal amplitude depends on both the population and coherence elements as seen in Eqs. ͑3͒. If we define e ϭ2/ e ͑and g ϭ2/ g ͒, at a time delay ab ϭ e (nϩ1/2), the signal for the ground state goes to zero. When ab ϭ e n, the signal for the ground state reaches a maximum. Similarly ab ϭ g (n ϩ1/2) and ab ϭ g n correspond to the minimum and maximum signals from the excited state, respectively. Maximum control can be achieved for values of ab that maximize one FIG. 1. Pulse sequence and double-sided Feynman diagrams corresponding to the three-pulse FWM measurements. The diagrams show the observation of ͑a͒ excited state dynamics and ͑b͒ ground state dynamics. In this pulse sequence, the first two electric fields are separated in time by ab . The third beam is scanned in time with time delay . The diagrams on the left correspond to the virtual echo signal in the direction k s ϭk a Ϫk b ϩk c ; the diagrams on the right correspond to the echo signal in the direction k s ϭϪk a ϩk b ϩk c . In our experimental setup, we detect signal only in the k a Ϫk b ϩk c direction.
contribution and, at the same time, minimize the other. These values can always be found provided g e . The definition of a single vibrational frequency for each electronic state is applicable for a four-level system with two vibrational levels in each state. Extension of these formulas beyond four levels would require the introduction of anharmonicity. The fourlevel model used here successfully predicts the observed experimental results ͑vide infra͒.
The experimental setup used to carry out the measurements has been described elsewhere. 21 Briefly, transformlimited pulses with a 60 fs temporal width ͓full width at half maximum ͑FWHM͔͒ and with the central wavelength at 620 nm were used in these measurements. The laser beam was split and the three beams were combined in the forward box geometry. The energy per pulse for each beam was ϳ20 J. The pulses were focused into a quartz cell containing neat iodine vapor at 140°C. The three-pulse FWM signal was collected by a spectrometer with a very broad spectral acceptance ͑16 nm͒. Spectrally dispersed three-pulse FWM measurements will be published elsewhere. 15 The two transients shown in Fig. 2 were collected consecutively under identical conditions. The only difference between them was the time delay ( ab ) between the first two pulses. Based on the theory, various multiples of the ground or excited state vibrational periods can be used to achieve control over the population transfer. 17 We have tried a number of combinations with great success. We have chosen to use 460 fs ( For experiments with ab ϭ0 fs, a setup that is also known as a transient grating, the transients ͑not shown here͒ contain both ground and excited state vibrational dynamics. 17, 21, 22 Figure 2͑a͒ shows the three-pulse FWM signal obtained with ab ϭ460Ϯ10 fs. The transient shows vibrational oscillations with a period of 307 fs corresponding to dynamics in the B 3 ⌸ oϩu state involving vibrational levels vЈϭ6 -11. The power fast Fourier transform ͑FFT͒ of the transient is shown in Fig. 2͑c͒ ͑black line͒. The most prominent peak is centered at 107.7Ϯ0.2 cm Ϫ1 and corresponds to the excited state dynamics. A small peak centered at 218.2 Ϯ0.2 cm Ϫ1 is the second harmonic of the excited state signal and is not a contribution from the ground state. The small peak centered at 10.8Ϯ0.5 cm Ϫ1 corresponds to the rotational dephasing dynamics. 21 Figure 2͑b͒ shows the three-pulse FWM signal obtained for ab ϭ614Ϯ10 fs. The transient shows vibrational oscillations with a period of 160 fs corresponding to dynamics in the X 1 ⌺ 0ϩg state involving vibrational levels vЉϭ3, 4. The power FFT of the transient is shown in Fig. 2͑c͒ ͑gray line͒. The most prominent peak is centered at 208.3Ϯ0.1 cm Ϫ1 and corresponds to ground state vibrational dynamics. A smaller peak centered at 107.1Ϯ0.1 cm Ϫ1 corresponds to a minor contribution from the excited state which is expected for this value of ab ͓see Eqs. ͑3͔͒. The small peak centered at 15.9 Ϯ0.4 cm Ϫ1 corresponds to the rotational dephasing dynamics. The rotational constants for the ground and excited states differ by a factor of 1.34;
23,24 the ratio of the observed frequencies due to rotations is 1.47Ϯ0.11.
The experimental data presented here show that the time delay between the first two pulses in a three-pulse FWM experiment can be used to control the population transfer between ground and excited states. We have used this technique in order to study the vibrational dephasing in the ground and excited states of iodine as a function of temperature and pressure. By changing ab we were able to obtain both separate values from the same setup. 25 The ability to transfer populations between different states is the chief tenet of the pump-dump control theory of Rice and Tannor. 26, 27 With three-pulse FWM we have shown that this control can be achieved with great efficiency. This technique can be use- ful to study ultrafast dynamics involved in chemical reactions where one may want to follow processes that occur in the excited or the ground state exclusively. Experimental control using multiple laser pulse excitation has been explored by a number of groups. 1 While some of these experiments have been carried out without phaselocked pulses or phase-matching conditions, [28] [29] [30] the most striking control over the excitation process is observed for phase-matched or phase-locked setups. Scherer et al. measured this effect by observing a change in the total fluorescence of I 2 . 8 Warren and Zewail used collinear phase-locked pulses to observe photon echos in I 2 . 31 Pshenichnikov et al. used a phase-locked FWM arrangement where the virtual echo and conventional echo processes interfere constructively or destructively. 32 Time-delayed pulses can be combined to achieve population inversion by adiabatic passage. 33, 34 From Eq. ͑2͒, one can see that the population transfer is modulated by an electronic term with control parameter ab and a spatial condition (k a Ϫk b )r. The amplitude is further governed by the vibrational motion of both electronic states with control parameters e ab and g ab . Our measurements use the vibrational time scale, which is independent of phase locking, to achieve the control.
In summary, we have demonstrated that pulse sequences can be found for three-pulse FWM experiments to optimize population and coherence transfer between two electronic states. In particular, we showed that the ground state population, after the first two pulses, could be controlled using a time that depends on the period of the excited state vibrational dynamics. We showed that for ab ϭ460 fs only excited state dynamics are observed, while for ab ϭ614 fs primarily ground state dynamics are observed. We plan to expand these types of experiments to systems where it will be possible to control the outcome of chemical reactions.
